Prothymosin alpha (ProTa) is expressed in various mammalian organs including the neuronal nuclei in the brain, and is involved in multiple functions, such as chromatin remodeling, transcriptional regulation, cell proliferation, and survival. ProTa has beneficial actions against ischemia-induced necrosis and apoptosis in the brain and retina. However, characterizing the physiological roles of endogenous ProTa in the brain without stress remains elusive. Here, we generated ProTa-deficiency mice to explore whether endogenous ProTa is involved in normal brain functions. We successfully generated heterozygous ProTa knockout (ProTa +/À ) ProTa has crucial physiological roles in the robustness of brain.
Prothymosin alpha (ProTa) is a highly acidic protein expressed mainly in the nuclei in different mammalian tissues, including the neuronal cells in the brain (Haritos et al. 1984; George and Brown 2010) . ProTa has roles in cell cycle progression (Ha et al. 2015) , proliferation (Bianco and Montano 2002) and survival (Ueda 2009) . ProTa also regulates cell-defensive mechanisms against oxidative stress through binding to Kelch-like ECH-associated protein 1, an inhibitor of the stress-sensor nuclear factor erythroid 2-related factor 2 (Karapetian et al. 2005) . ProTa overexpression is associated with development of pulmonary emphysema through enhancing protein acetylation and impairing transforming growth factor b signaling (Su et al. 2013) and various cancer types, such as liver, lung, neuroblastoma, colon, thyroid, prostate, and ovarian cancers (Mosoian 2011 ). The C-terminal sequence of ProTa produces immune responses via stimulation of lymphocytes and maturation of dendritic cells (Ioannou et al. 2013) . We previously identified ProTa as a necrosis-inhibitory factor from the conditioned medium of serum-and supplementaryfree primary culture of rat cortex Ueda 2009) . Detailed in vivo studies revealed that systemic or local injection of ProTa inhibits cerebral or retinal ischemiainduced neuronal necrosis and apoptosis by the help of endogenous neurotrophic factors Fujita et al. 2009 ). Pretreatment of neutralizing antibody or antisense oligodeoxynucleotide against ProTa worsens retinal ischemia-induced damages (Fujita et al. 2009 ). ProTa has additional beneficial actions against cerebral ischemiainduced vascular damages (Maeda et al. 2016) . However, characterizing the physiological roles of endogenous ProTa in the brain without stress remains elusive. We previously demonstrated that ProTa protein is ubiquitously expressed throughout the adult mouse brain (Halder and Ueda 2012) . Moreover, strong ProTa signals were detected in the neuronal cells in some brain regions, specifically in the adult neurogenesis-related areas including the subgranular zone (SGZ) in the dentate gyrus (DG) of the hippocampus, the subventricular zone, and the olfactory bulb (Olf), proposing the idea that ProTa is involved in adult neurogenesis (Halder and Ueda 2012) . It is well-known that adult hippocampal neurogenesis plays crucial roles in the regulation of affective states including fear/anxiety, learning/ memory, and synaptic plasticity (Revest et al. 2009; Cameron and Glover 2015) . Since strong ProTa signals were detected in the SGZ of the hippocampal DG (Halder and Ueda 2012) , we hypothesize that ProTa has crucial roles in the regulation of anxiety-related behaviors, learning/ memory-functions, and neurogenesis. In this study, we have generated and used ProTa knockout mice to test this hypothesis.
Materials and methods

Generation of ProTa knockout mice
ProTa knockout mice were originally generated and provided by Otsuka GEN Research Institute (Otsuka Pharmaceutical Co. Ltd., Tokushima, Japan). Briefly, a bacterial artificial chromosome clone originating from genomic DNA of C57BL/6 mice and containing the ProTa gene was purchased from BACPAC Resources, Oakland, CA, USA. Detailed procedures are described in Appendix S1.
Heterozygous ProTa knockout (ProTa +/À
) and wild-type (WT: ProTa +/+ ) mice were produced by crossing female ProTa +/+ mice with male ProTa +/À mice. All mice (10-15-week-old) were kept in a room at 21 AE 2°C and 55 AE 5% relative humidity with ad libitum access to a standard laboratory diet and tap water with a 12-h light/dark cycle. All experiments were approved by the Nagasaki University Animal Care Committee and the Animal Research Committee of the National Institute for Physiological Sciences.
Design of behavioral tests
All behavioral tests were conducted with male ProTa +/À and ProTa +/+ mice. They were subjected to a comprehensive battery of behavioral test (Miyakawa et al. 2001 (Miyakawa et al. , 2003 Takao and Miyakawa 2006; Takao et al. 2013) , and step-through passive avoidance test (Manabe et al. 1998) and KUROBOX test (Kurokawa et al. 2003; Nagai et al. 2007) . Behavioral testing was performed between 9:00 am and 6:00 pm. The raw data of behavioral tests, which are not described in this Figure S5a and b), or Welch's t-test (Table 1) . All results are expressed as means AE standard error of the mean (SEM). We did not exclude any data for the statistical analyses and randomization was not applied in all experiments. And blinding procedures were not carried out in all experiments except Fig. 7 (a)-(c). Based on the previous studies, the sample sizes of experiments were determined without power and sample size calculation. Specifically, for the behavioral experiments (Figs 3, 4 and 5; Figures S1, S2, S3 and S4) , the sample sizes were determined based on the previous studies (Takao and Miyakawa 2006; Nagai et al. 2007; Takao et al. 2013; Sasaki et al. 2015) . And, for the sample size determination of Figs 1, 2, 6, and 7; Figure S5 , we referred to the previous studies (Ioannou et al. 2013; Sasaki et al. 2015; Zhang et al. 2016) .
Other methods
The following other Materials and Methods were provided in the Appendix S1: Genotyping, western blotting, real-time RT-PCR, tissue preparation, immunohistochemistry, electrophysiological recordings, BrdU labeling, Laser capture microdissection, and Microarray analysis.
Results
Generation of ProTa +/À mice
The generation of ProTa knockout mice using C57BL embryonic stem cells by Cre-mediated deletion of exons 2 and 3 of the ProTa gene is shown in Fig. 1 , n = 3. ProTa-regulated candidate genes related to neurogenesis, anxiety and learning/memory. The intensity of the visits to each ROI in 10-min intervals is indicated on a gray scale from white to black, whereas the mice spent a lot of time at that ROI is indicated by black scale. (f-m) Measurements of correct ratios (f and g), total distance traveled (h), home stay ratio (i), the number of visits to the true food center (j), the number of trials to all food centers (k), movement angle (l), and movement speed (m). In (e and j), the reddish-colored shadow indicates the number of visits to the true food center. In (e and k), the bluish-colored shadow indicates the number of trials to all food centers. Data are means AE SEM. *p < 0.05 versus ProTa +/+ mice. number of offspring produced from ProTa +/À mating was significantly lower than that from wild-type mating (Fig. 1d) . The birth ratio of ProTa +/+ : ProTa +/À : ProTa À/À was approximately 1 : 2 : 0 (male pups: 72% : 28% : 0%, respectively; female pups: 65% : 35% : 0%, respectively; total pups; 68% : 32% : 0%, respectively), which was varied from the expected Mendelian ratio of 1 : 2 : 1 (ProTa +/+ :ProTa +/À : ProTa À/À , respectively) (Fig. 1e) .
Expression of ProTa protein in a gene-dosage-dependent manner Nuclear protein ProTa is ubiquitously expressed in various mammalian organs, including the brain (Ioannou et al. 2012) . We previously showed cell type-specific distribution and subcellular localization of ProTa in mouse brain (Halder and Ueda 2012) . Here, we examined whether heterozygous deletion of ProTa gene affects its protein expression level in the brain. In immunohistochemical analysis, WT mice showed ProTa signals in the neuronal cells in different brain regions, including the Olf, anterior cingulate cortex, somatosensory cortex, motor cortex, striatum, hippocampus, hippocampal cornu ammonis 1 (CA1), hippocampal DG, amygdala, and cerebellum ( Fig. 2a and b) . Higher ProTa signals were observed in the neurogenesis-related regions, including the Olf, the SGZ in the hippocampal DG and the subventricular zone in WT mouse brain ( Fig. 2a and b) . ProTa signals in ProTa +/À mouse brain was relatively weaker than that in ProTa +/+ mouse brain ( Fig. 2a and b) . To confirm immunohistochemistry-based findings, we further conducted western blotting ) of brain tissue using anti-ProTa antibody (Kijogi et al. 2016) . As shown in Fig. 2(c) , we detected ProTa band (12.5 kDa) in different brain regions of ProTa +/+ mice. The ProTa protein levels in the brain of ProTa +/À mice were significantly lower than that of ProTa +/+ mice ( Fig. 2c and d) . Specifically, the percentages of the ProTa protein reduction in ProTa +/À mice were 73.8% (Olf), 32.1% (anterior cingulate cortex), 37.7% (motor cortex), 30.5% (somatosensory cortex), 44.9% (striatum), 43.8 (amygdala), 57.8 (hippocampus), and 47.4 (cerebellum) (Fig. 2c and d) . Moreover, ProTa mRNA levels in the hippocampal DG and CA1 regions were significantly reduced (Fig. 2e) . These findings suggest that ProTa +/À mice were born with reduced level of ProTa mRNA and protein in the brain.
Decreased body weight and body temperature in ProTa +/À mice We conducted neurological screen, neuromuscular examination, hot plate test, and accelerating rotarod test to examine physical features in ProTa +/À mice. ProTa +/À mice showed significant decrease in body weight and body temperature compared to ProTa +/+ mice ( Figure S1a and b, respectively). The righting, whisker touch and ear twitch reflexes were normal in ProTa +/À mice compared to ProTa +/+ mice (data are not shown). There was no significant difference between ProTa +/À and ProTa +/+ mice in grip strength, latency to fall from an inverted wire-mesh, thermal nociception in the hot plate test, and forced motor activity in the accelerating rotarod test (Figure S1c-f, respectively) .
Enhanced anxiety-like behaviors in ProTa +/À mice
We examined whether ProTa-deficiency is related to anxietyrelated behaviors in ProTa +/À mice. The open-field test was performed to assess locomotor activity in ProTa +/À mice. In the open-field test, ProTa +/À mice showed significant decrease in total distance travelled, time spent in the center area, vertical activity, and stereotypic counts compared to ProTa +/+ mice ( Fig. 3a-e, respectively) . Thus, locomotor activity in ProTa +/ À mice was lower than that in ProTa +/+ mice. In the evaluation of anxiogenic response using elevated plus-maze test, there were no significant differences between ProTa +/À and ProTa +/+ mice in the number of entries into open arms, percentage of entries into open arms, total distance travelled, and percentage of time spent on the open arms ( Figure S2a-d, respectively) .
In anxiety-related light/dark transition test, ProTa +/À mice showed significant decrease in distance travelled in the light compartment and time spent in the light compartment compared to ProTa +/+ mice ( Fig. 3f and g, respectively) . There were no significant differences between ProTa +/À and ProTa +/+ mice in the number of transition between light and dark compartments and the latency to initially enter into the light compartment (Fig. 3h and i, respectively) .
To examine novel environment-induced anxiety-like behavior in ProTa +/À mice, we performed novelty-induced hypophagia test through measuring latency to drink sweetened milk solution and total milk consumption. As shown in Fig. 3(j) , both ProTa +/À and ProTa +/+ mice showed significant tendency to prolong the initial latency compared to latencies obtained from each home cage groups. ProTa +/À mice had a longer latency to start drinking milk compared to ProTa +/+ mice (Fig. 3k) . ProTa +/À mice showed a significant , n = 3 slices derived from three mice; ProTa +/+ , n = 3 slices derived from 3 mice.
decrease in total milk consumption compared to ProTa +/+ mice in the novel cage but not in the home cage (Fig. 3l) . We also conducted marble burying test, which is considered for evaluation of obsessive-compulsive disorder in rodents (Deacon 2006 ). In the marble burying test, there were no significant differences between ProTa +/À and ProTa +/+ mice in the number of marbles buried and total distance traveled ( Figure S3a-c) . All these findings suggest that ProTa +/À mice exhibit hypolocomotor activity and increased anxiety-like behaviors.
Impaired learning and memory in ProTa +/À mice
We first performed the contextual and cued fear conditioning test to examine fear-based learning and memory in ProTa +/À mice. In this test, we assessed the contextual and cued fear conditioning after exposure to a foot shock paired with an auditory-conditioned stimulus in ProTa +/À or ProTa +/+ mice. There were no significant differences between ProTa +/À and ProTa +/+ mice in the conditioning session and contextual memory when each mouse was placed into the conditioning chamber 1 day after the conditioning ( Fig. 4a and b) . To test fear memory, mouse was placed into different triangular chamber 2 days after the conditioning. ProTa +/À mice displayed higher freezing ratio in first 3 min without tone stimulus compared to ProTa +/+ mice (Fig. 4c) . In contrast, there was no significant difference between ProTa +/À and ProTa +/+ mice in tone-dependent freezing during last 3 min (Fig. 4c) .
Next, to assess spatial learning and memory, ProTa +/À mice were subjected to KUROBOX test using stress-free positive cue task. Each ProTa +/À or ProTa +/+ mouse was placed into the home nest of KUROBOX apparatus (Fig. 4d) at 8:00 pm, and the trajectory for region of interest (ROI) was then started. The time series graphs of visits to the four ROI by ProTa +/À or ProTa +/+ mice are shown in Fig. 4 (e). The frequency of visits to ROI in 10 min intervals by ProTa +/+ mice was gradually converged on the true food center with time, whereas ProTa +/À mice did not show a clear slanting shift of visits to the truth food center with time (Fig. 4e) . The correct ratio (visits to the station with food compared with those to all stations) for every 1 h in ProTa +/ À mice was significantly lower during the 6:00 am to 8:00 am than that in ProTa +/+ mice (Fig. 4f) . ProTa +/À mice showed a significant decrease in correct ratio for every 4 h during the third interval (8-12 h) compared to the first interval (0-4 h) (Fig. 4g) . There was no significant difference between ProTa +/À and ProTa +/+ mice in total distance traveled during 12 h and home nest stay ratio (Fig. 4h and i,  respectively) . ProTa +/À showed a significant increase in number of visits to the true food center and all food centers during the first interval (0-4 h) compared to ProTa +/+ mice ( Fig. 4j and k, respectively) . Thus, ProTa +/À mice exhibited impaired spatial discrimination and poor exploratory behavior for foods (Fig. 4j-m) .
In the step-through passive avoidance test, ProTa +/À mice showed a significant increase in latency to enter into the dark compartment throughout the conditioning session compared to ProTa +/+ mice, suggesting that ProTa-deficiency induces a freezing behavior in ProTa +/À mice upon exposure to the novel environment (Fig. 5a) . At 24 h after the conditioning, the step-through latency in ProTa +/À mice was significantly lower than that in ProTa +/+ mice in the retention trials, suggesting that an ProTa +/À mice exhibit impaired learning and memory (Fig. 5b) .
Normal depression-related behaviors in ProTa +/À mice
To explore whether ProTa-deficiency is related to depression-like behaviors in mice, we performed the forced swim and tail suspension tests in ProTa +/À mice. In the forced swim test, there were no significant differences between ProTa +/À and ProTa +/+ mice in immobile/floating and distance traveled in the first trial at day 1 and second trial at day 2 ( Figure S4a and b, respectively). In the tail suspension test, there was no significant difference in immobility between ProTa +/À and ProTa +/+ mice (Figure S4c) . Thus, depression-related behaviors in ProTa +/À mice were essentially the same as those of ProTa +/+ mice.
Declined LTP induction in ProTa +/À mice
Long-term potentiation (LTP) induction in the hippocampus is crucial for formation of initial learning and memory (Gruart et al. 2006; Whitlock et al. 2006) . To examine whether heterozygous deletion of ProTa gene impairs LTP induction in mice, electrophysiological experiments (Sasaki et al. 2015) was performed using acute hippocampal slices from ProTa +/À mice. Each field excitatory post-synaptic potential (fEPSP) in the Schaffer collateral/CA1 hippocampal pathway was adjusted to evoke a response induced by bipolar constant current pulses (3-50 lA, 0.1 ms). After allowing a stable baseline of fEPSP, three theta bursts stimuli were applied to the hippocampal slices. The fEPSP 30 min after theta bursts stimuli were markedly enhanced in the hippocampal slices of ProTa +/+ mice, while enhancement of fEPSP was significantly declined in the hippocampal slices of ProTa +/À mice ( Fig. 6a and b) .
Decreased adult hippocampal neurogenesis in ProTa +/À mice
Adult hippocampal neurogenesis has roles in maintenance of emotional and cognitive functions (Kitamura et al. 2009; Revest et al. 2009; Snyder et al. 2011) . To examine whether heterozygous deletion of ProTa gene impairs adult hippocampal neurogenesis in mice, we evaluated BrdU labeling (Taupin 2007; Sasaki et al. 2015) in the SGZ of the DG in the hippocampus of ProTa +/À mice. As shown in Fig. 7 (a) and (b), the number of BrdU-labeled cells in the SGZ of ProTa +/À mice (1839.98 AE 155.13) was significantly lower than that in ProTa +/+ mice (2435.29 AE 198.21) . Moreover, the number of doublecortin-positive cells in the DG was significantly reduced in ProTa +/À mice and this was not because of differences in brain weight ( Fig. 7c ; Figure S5a and b). These results suggested that the adult neurogenesis in the DG was decreased in ProTa +/À mice.
Altered gene expression profiles in ProTa +/À mice
To examine sets of candidate genes related to increased anxiety, impaired learning/memory-functions, and decreased neurogenesis in ProTa +/À mice, we isolated the hippocampal DG using laser captured microdissection ( Figure S6 ). After RNA extraction from microdissected DG, microarray analysis was performed. As shown in Table 1 , the expression of adult hippocampal neurogenesis-related genes, Nrp1, Racgap1, and Nrxn 3 (Greco and Rameshwar 2007; Ng et al. 2013 ) was 0.72-, 0.70-, and 0.80-fold down-regulated in the hippocampal DG of ProTa +/À mice compared to the DG of ProTa +/+ mice, respectively. ProTa +/À mice showed downregulation of anxiety-related Itgb3 gene (Varney et al. 2015) with 0.82-fold and up-regulation of Ntng1 gene (Zhang et al. 2016 ) with 1.36-fold compared to ProTa +/+ mice (Table 1) . Learning and memory-related genes, Dlg4, Dnmt1 (Feng et al. 2010 ) and Nf1 were 0.74-, 0.81-, and 0.83-fold downregulated in ProTa +/À mice compared to ProTa +/+ mice, respectively (Table 1) .
Discussion
There are accumulating reports that ProTa has neuroprotective or cytoprotective actions under the condition of necrotic, apoptotic, or oxidative stress (Ueda 2009 ). However, little is known of the physiological roles of endogenous ProTa in the brain without stress. To explore the physiological roles, we attempted to develop ProTa-deficient mice. Here, we found that ProTa +/À mice survive, while no ProTa À/À offspring was born by an intercrossing of ProTa +/À mice. Moreover, we found some embryo-like clusters, which are thought to be resulted from ProTa À/À embryos owing to embryonic lethality around 3.5-7.5 days of pregnancy. This finding is consistent with previous reports that knockdown of ProTa leads to developmental defects in zebrafish embryo (Emmanouilidou et al. 2013 ) and knockout of ProTa gene results in embryonic lethality in mice (Teixeira et al. 2015) . We first conducted behavioral studies in ProTa +/À mice to explore whether heterozygous ProTa gene deletion is associated with behavioral abnormalities, such as anxiety, impaired learning/memory, and depression. ProTa +/À mice showed increased anxiety-like behaviors in the light/dark transition and novelty induced hypophagia tests, but not in the elevated plus maze test. The absence of genotype effects on the behavioral indices in the elevated plus maze may be presumably explained by so called 'floor effect' (Miyakawa et al. 2003; Hashimoto-Gotoh et al. 2009 ). Overall, the results of the different types of anxiety-related behavioral assessments except for the elevated plus maze suggest that mice. In contrast, in the step-through passive avoidance test, the latency to enter the dark chamber during conditioning was increased in ProTa +/À mice, and the step-through latency in ProTa +/À mice was shorter than that in ProTa +/+ mice after conditioning, suggesting that impaired learning and memory was also observed in ProTa +/À mice through evaluation of step-through passive avoidance tests. Moreover, in the KUROBOX test, ProTa +/À mice exhibited slight impaired spatial discrimination and poor exploratory behavior for foods. In the KUROBOX test, learning and memory was impaired in ProTa +/À mice, though the decline in performance was weak. This weak decline in the KUROBOX test may be explained by the possibility that such cognitive deficits could be masked by other components, such as hypolocomotor activity and anxiety-like behavior. Taken together, our findings indicate that ProTa +/À mice exhibit significant behavioral phenotypes in hypolocomotor activity, memory-learning defect, and anxiety-like behavior. In order to further clarify the roles of ProTa in these behavioral phenotypes, it will be necessary to generate the conditional knockout mice in which ProTa is deficient only in neurons of the functionally specified brain region.
Adult neurogenesis is consistently found in the SGZ of the hippocampal DG, where new-born neurons differentiate and integrate into local neural network as granule cells (Zhao et al. 2008) . As higher ProTa signals were observed in the SGZ (Halder and Ueda 2012) , we evaluated BrdU labeling and the doublecortin staining in the SGZ of ProTa +/À mice to explore whether ProTa is involved in adult hippocampal neurogenesis. The numbers of BrdU-positive cells and doublecortin-positive cells in the SGZ of ProTa +/À mice were significantly lower than that in ProTa +/+ mice, suggesting that ProTa has important roles in neuronal cell proliferation in the adult brain. It is known that the locomotor activity enhances the adult hippocampal neurogenesis (Praag et al. 2000) . Therefore, the hypolocomotion in ProTa +/À mice might contribute to reduction in neurogenesis. Meanwhile, since ProTa is known to promote cell proliferation and survival, ProTa might play an important role in proliferation and survival of neuronal cells in the adult brain. Nevertheless, decreased adult hippocampal neurogenesis is associated with increased anxiety-related behaviors, fear and impaired learning/memory functions in rodents (Revest et al. 2009; Cameron and Glover 2015) . The ventral and dorsal poles in the hippocampus have preferential roles in anxiety and spatial memory, respectively (Bannerman et al. 2014) . When adult hippocampal neurogenesis was selectively arrested by over-expression of Bcl-2-associated X protein in the neuronal progenitor cells, mice exhibited anxiety-like behaviors without depression-like behaviors (Revest et al. 2009) , suggesting that variable effects of adult hippocampal neurogenesis fluctuate in severity by changing the severity of the stressor, timing of the stress exposure, or other factors for behavioral changes. As ProTa +/À mice showed increased anxiety-like behaviors and impaired learning/memory, our findings suggest that reduced hippocampal neurogenesis because of ProTadeficiency is closely related to those displayed behavioral abnormalities.
LTP is a remarkable form of hippocampal synaptic plasticity and is considered as a principal candidate in the mechanisms of learning and memory (Lynch 2004) . To explore whether hippocampal plasticity is altered in ProTa +/ À mice, we recorded LTP induction in hippocampal slices by measuring the fEPSP in the Schaffer collateral/CA1 hippocampal pathway. Induction of LTP in ProTa +/À mice was significantly weaker than that in ProTa +/+ mice. Previous studies reported that exposure to stress causes an impairment of LTP in the hippocampal CA1 and DG regions (Kim and Diamond 2002; Fa et al. 2014) . Thus, ProTa has crucial roles in hippocampal LTP induction and memory formation. However, detailed analyses underlying input-output relationship of fEPSPs as well as LTP induction in the CA3 pathway upon theta bursts stimulation-priming of the DG should be the next subjects. Although this study was conducted using generalized ProTa +/À mice, whether decreased hippocampal synaptic plasticity and adult neurogenesis would occasionally lead to the abnormal behaviors in ProTa +/À mice remains to be explored. To answer such questions, further experiments are necessary in future.
To explore the molecular mechanisms by which ProTa regulates normal brain functions, we analyzed different sets of genes in the hippocampal DG of ProTa +/À mice using microarray. Several neurogenesis-related genes, Nrp1 (Ng et al. 2013) and Nrxn3 (Greco and Rameshwar 2007) were down-regulated in ProTa +/À mice. Thus, ProTa regulates the expression of those candidate genes, which are involved in adult hippocampal neurogenesis. As ProTa +/À mice exhibited increased anxiety-like behaviors, we attempted to find out anxiety-related candidate genes regulated by ProTa. In microarray analysis, Itgb3 gene was down-regulated, while Ntng1 gene up-regulated in the DG of ProTa +/À mice. Dysfunctions of serotonin systems are associated with several psychiatric disorders including anxiety. Itgb3 protein functions as one of a modulator of serotonergic systems and Itgb3-deficient mice displayed increased anxiety-like behaviors with reduced locomotor activity (Varney et al. 2015) , whereas anxiolytic behaviors with normal locomotor activity was observed Ntng1-deficient mice (Zhang et al. 2016) . Thus, Itgb3 and Ntng1 genes could be candidates underlying increased anxiety in ProTa +/À mice. In terms of impaired learning and memory in ProTa +/À mice, we examined whether learning and memory-related genes are regulated by ProTa. Microarray data revealed that Dlg4, Dnmt1, and Nf1 genes were down-regulated in ProTa +/À mice. Postsynaptic density protein 95 encoded by Dlg4 gene is essential for regulation of hippocampal synaptic plasticity and hippocampus-dependent behaviors because post-synaptic density protein 95-deficiency mice showed impaired synaptic plasticity and learning/memory (Migaud et al. 1998 ). Dnmt1 gene is involved in DNA methylation and synaptic functions in the adult brain, and mice with double knockout of Dnmt1 and Dnmt3a genes in neurons showed impaired hippocampal learning/memory and LTP (Feng et al. 2010) . Impaired learning/memory and LTP were also observed in Nf1-deficiency mice (Wang et al. 2012) . Thus, regulation of Dlg4, Dnmt1, and Nf1 genes by endogenous ProTa in the brain may be related to learning/memory-functions.
In conclusion, this is the first report to demonstrate that innate deletion of ProTa gene (ProTa À/À ) caused embryonic lethality in mice. Mice with heterozygous ProTa gene deletion (ProTa +/À ) were reproductively normal, but displayed increased anxiety-like behaviors, hypolocomotion and impaired learning/memory-functions in behavioral tests battery. Heterozygous ProTa gene deletion in mice also caused impaired adult hippocampal neurogenesis and long-term potentiation in subfield CA1 of hippocampal slices. Thus, endogenous ProTa has crucial roles in maintenance of emotional stability, cognitive functions, and neurogenesis. All experiments were conducted in compliance with the ARRIVE guidelines.
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